Abstract Aim: Sphingosine-1-phosphate (S1P) influences resistance vessel function and is implicated in renal pathological processes. Previous studies revealed that S1P evoked potent vasoconstriction of the pre-glomerular microvasculature, but the underlying mechanisms remain incompletely defined. We postulated that S1P-mediated pre-glomerular microvascular vasoconstriction involves activation of voltage-dependent L-type calcium channels (L-VDCC) and the rho/rho kinase pathway. Methods: Afferent arteriolar reactivity was assessed in vitro using the blood-perfused rat juxtamedullary nephron preparation, and diameter was measured during exposure to physiological and pharmacological agents. -ATPase inhibitors, thapsigargin or cyclopiazonic acid, did not alter the S1P-mediated vasoconstrictor profile. Scavenging reactive oxygen species (ROS) or inhibition of nicotinamide adenine dinucleotide phosphate oxidase activity significantly attenuated S1P-mediated vasoconstriction. Conclusion: Exogenous S1P elicits potent vasoconstriction of rat afferent arterioles. These data also demonstrate that S1P-mediated pre-glomerular vasoconstriction involves activation of L-VDCC, the rho/rho kinase pathway and ROS. Mobilization of Ca 2+ from intracellular stores is not required for S1P-mediated vasoconstriction. These studies reveal a potential role for S1P in the modulation of renal microvascular tone.
Accumulating evidence implicates S1P as an important regulator of vascular tone and reactivity, especially in resistance vessels including the renal vasculature. [5] [6] [7] [8] [9] [10] [11] A number of recent studies in animal models and human subjects indicate that S1P plays an important role in the development of many pathophysiological conditions including ischaemia/reperfusion-induced acute kidney injury, sepsis, diabetic nephropathy, hypertension and sickle cell disease, 2, [12] [13] [14] [15] but the contribution of S1P to renal microvascular function is incompletely understood. We demonstrated that S1P potently vasoconstricted pre-glomerular microvessels via activation of S1P1 and S1P2 receptors, while postglomerular efferent arterioles were unresponsive.
11
The downstream signalling mechanisms contributing to S1P-mediated vasoconstriction in renal microvascular reactivity remain to be determined. Afferent arterioles play a major role in regulating renal vascular resistance which is crucial for maintaining a stable renal blood flow and glomerular filtration rate. 16, 17 Afferent arteriolar reactivity is influenced by many bioactive vascular factors and hormones such as angiotensin II, nitric oxide, endothelin, vasopressin, noradrenaline and ATP. 16, 18 Enhanced or attenuated renal microvascular reactivity to these vasoactive substances occurs in many pathophysiological conditions including hypertension, diabetic nephropathy and kidney failure [19] [20] [21] [22] [23] and could contribute to kidney injury.
In non-renal vascular beds, S1P receptor activation is linked to multiple intracellular signalling pathways. 5, [24] [25] [26] Stimulation of S1P receptors in vascular smooth muscle cells activates phospholipase-C which in turn triggers Ca 2+ release from intracellular stores leading to vasoconstriction. S1P also activates voltagedependent L-type calcium channels (L-VDCC) to allow Ca 2+ influx or stimulates the rho/rho kinase pathway, leading to contraction of smooth muscle cells. Although our previous study showed that L-VDCC play a role in S1P-mediated afferent arteriolar vasoconstriction, 11 the relative roles of Ca 2+ mobilization from intracellular stores and the participation of the rho/rho kinase-dependent pathway in S1P-evoked vasoconstriction remain incompletely defined. Additionally, S1P is also linked to reactive oxygen species (ROS) generation in resistance arteries in response to pressure stimulation, 6, 27, 28 but the role of ROS in S1P-mediated afferent arteriolar vasoconstriction is unknown. We hypothesized that S1P-mediated pre-glomerular microvascular vasoconstriction involves activation of L-VDCC and the rho/rho kinase pathway. In this study, we determined the signalling mechanisms underlying the afferent arteriolar response to exogenous S1P. Experiments were conducted to establish the impact of L-VDCC blockade, depletion of intracellular Ca 2+ stores, rho/rho kinase inhibition, scavenging of ROS or inhibition of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase on the afferent arteriolar response to S1P.
Results
Figure 1 summarizes baseline diameters of afferent arterioles prior to and during exposure to pharmacological agent(s) before conducting S1P concentrationresponses. Baseline diameters of afferent arterioles during the initial 5-min period were similar across all groups (Fig. 1a) . Afferent arteriolar diameter was relatively stable during the 10-min incubation with 1% BSA in the time control group (P > 0.05) but significantly increased during exposure to nifedipine (39 AE 18%), thapsigargin (36 AE 10%), Y-27632 (60 AE 12%) or a combination of nifedipine and Y-27632 (87 AE 8%) compared to each of their respective baseline diameters ( acid (CPA) caused a transit reduction in afferent arteriole diameter by 8 AE 3% 1-2 min after exposure to CPA that returned to near baseline in 2-3 min.
Effect of L-VDCC blockade on S1P-evoked vasoconstriction of afferent arterioles Figure 2 depicts the effect of the selective L-VDCC blocker, nifedipine, on afferent arteriolar responses to S1P compared to responses from the control group. In control kidneys, superfusion of exogenous S1P evoked concentration-dependent vasoconstriction of afferent arterioles (Fig. 2) . Effect of the rho/rho kinase pathway on S1P-evoked afferent arteriolar vasoconstriction
The rho/rho kinase pathway also influences afferent arteriolar responses to many vasoactive substances and pressure-dependent vasoconstriction. 60 AE 12% and significantly attenuated the vasoconstrictor responses to S1P (Fig. 5) . Arteriolar diameter averaged 103 AE 1, 101 AE 1, 93 AE 3, 72 AE 9 and 56 AE 10% of the control diameter in response to increasing concentrations of S1P from 10 À9 to 10 À5 mol L À1 respectively ( Fig. 5b , P < 0.05 against S1P alone group).
Effect of combined L-VDCC and the rho kinase pathway inhibition on S1P-evoked afferent arteriolar vasoconstriction
As neither nifedipine nor Y-27632 completely blocked the S1P-induced vasoconstriction, especially at the high S1P concentration, to determine whether inhibition of both pathways could abolish the afferent arteriolar vasoconstrictor responses to S1P, we applied both nifedipine (10
). Superfusion of both nifedipine and Y-27632 markedly increased afferent arteriolar diameter by 87 AE 8% (P < 0.05) and significantly attenuated S1P-induced vasoconstriction over the entire concentration range of S1P (Fig. 6 ). The diameter of afferent arterioles averaged 101 AE 0, 102 AE 1, 99 AE 2, 88 AE 7 and 64 AE 5% of the control diameter in response to S1P from 10 À9 to 10 À5 mol L À1 respectively ( Fig. 6b , P < 0.05 against S1P alone group).
Role of ROS on S1P-evoked afferent arteriolar vasoconstriction
To determine the role of ROS in S1P-induced vasoconstriction of afferent arterioles, we applied the superoxide dismutase mimetic, tempol or the NADPH oxidase inhibitor, apocynin. Baseline arteriolar diameter averaged 14.6 AE 0.8 lm prior to administration of tempol and remained stable over a 15-min tempol incubation period (10 À3 mol L À1 , P > 0.05), suggesting that tempol did not significantly alter baseline diameter of afferent arterioles. Tempol, however, significantly attenuated the vasoconstriction to S1P (Fig. 7 ). In the presence of tempol, afferent arteriolar diameter averaged 101 AE 1, 99 AE 1, 93 AE 3, 79 AE 6 and 54 AE 6% of the control diameter over S1P concentrations from 10 À9 to 10 À5 mol L À1 respectively (P < 0.05 against S1P alone group in Fig. 7b ). The inhibitory effect of apocynin was similar to the effect of tempol. Arteriolar diameter averaged 99 AE 1, 98 AE 1, 90 AE 3, 74 AE 6 and 51 AE 6% of the control diameter in response to S1P from 10 À9 to 10 À5 mol L À1 respectively (P = 0.05 against S1P alone group). These results suggest that ROS participate in S1P-mediated vasoconstriction of afferent arterioles.
Discussion
The current study provides evidence supporting a role of L-VDCC and the rho/rho kinase pathway in S1P-mediated afferent arteriolar vasoconstriction in rat kidneys. Consistent with our previous study, 11 exogenous S1P evokes potent, concentration-dependent vasoconstriction of afferent arterioles. The vasoconstrictor effect of S1P was largely blocked by the L-VDCC blocker, nifedipine, indicating a prominent role for L-VDCC in S1P-mediated vasoconstriction of afferent arterioles. Similarly, inhibition of the rho kinase pathway with Y-27632 also significantly blunted S1P-induced vasoconstriction, supporting participation of the rho kinase pathway in S1P-mediated afferent arteriolar vasoconstriction. In contrast, depletion of intracellular Ca 2+ stores using two chemically S1P-evoked vasoconstriction of the pre-glomerular microvasculature. Combined nifedipine and Y-27632 treatment significantly attenuated the S1P-induced vasoconstriction of afferent arterioles over the entire concentration range of S1P tested. Taken together, the data provide evidence that both L-VDCC and the rho kinase pathway are involved S1P-induced vasoconstriction of afferent arterioles. We also demonstrate that ROS contributes to S1P-mediated afferent arteriolar vasoconstriction as the superoxide dismutase mimetic, tempol or the NADPH oxidase inhibitor, apocynin, significantly attenuated S1P-mediated vasoconstriction. Accumulating evidence indicates that S1P is an important regulator of vascular tone and vascular reactivity, especially in resistance vessels. 7, 32, 33 The plasma S1P concentration normally ranges from 10
À7
to 10 À6 mol L À1 but is generally low in tissues (0.5-75 pmol mg
À1
). 3, 34, 35 In the current studies, we used a well-established technique, the in vitro blood-perfused juxtamedullary nephron preparation. 11, [36] [37] [38] As kidneys are perfused with reconstituted blood in conditions mimicking human physiological conditions, afferent arterioles exhibit endogenous tone and both myogenic and tubuloglomerular feedback responsiveness ( Figures S1 and S2) . Therefore, this technique is ideal to address intracellular signalling pathways involved in renal microvascular reactivity. Superfusion of exogenous S1P evoked concentration-dependent vasoconstriction of afferent arterioles in the rat kidneys similar to our previous report. 11 S1P caused significant afferent arteriole vasoconstriction at concentrations as low as 10
, which is in the range of the Kd for S1P receptors. 39 Compared to the vasoconstrictor response in non-renal vascular beds such as rat cerebral and mesenteric arteries or rabbit coronary arteries, 25, 26, 40, 41 afferent arterioles are more sensitive to S1P. The role of S1P in regulating renal microvascular reactivity is largely unknown. Intravenous infusion of S1P to anesthetized rats decreases renal blood flow, 9,11 whereas direct infusion of the S1P1 receptor agonist, FTY-720, into the renal medulla increased medullary blood flow and sodium and water excretion. 42 Superfusion of the specific S1P1 receptor agonist SEW2871 evoked modest afferent arteriolar vasoconstriction, while pharmacological blockade of S1P2 receptor activation increased afferent arteriolar diameter. 11 Global S1P2 receptor knockout mice exhibit a high renal blood flow without changes in systemic blood pressure compared to the wild-type controls. 10 These studies suggest that local S1P plays an important role in controlling renal microvascular tone, sodium excretion and water balance, mainly through activation of S1P1 and S1P2 receptors. As afferent arterioles are the primary renal resistance microvessels controlling renal blood flow and glomerular filtration rate, the potent S1P-dependent vasoconstriction in afferent arterioles implies a fundamental importance of S1P signalling in regulating the renal microcirculation. Elevation of intracellular Ca 2+ concentration is an important intracellular signalling mechanism utilized in vascular smooth muscle cell contraction. L-VDCC play a prominent role in maintaining renal microvascular tone, the pre-glomerular microvascular responses to many vasoconstrictors and pressure stimulation. 16, 18, 43 In the current study, a wide S1P concentration range was selected to determine the downstream signalling pathways of S1P-mediated vasoconstriction. S1P-induced vasoconstriction was significantly attenuated by inhibition of L-VDCC with nifedipine, consistent with in vivo and in vitro observations. 9 47, 48 failed to alter the afferent arteriolar response to S1P. Although pre-treatment with thapsigargin led to relaxation of afferent arterioles, S1P-induced afferent arteriolar vasoconstriction was unaltered by thapsigargin. These data suggest that Ca 2+ mobilization from intracellular stores is not a major mechanism by which S1P vasoconstricts rat afferent arterioles. This observation differs from what is reported in some non-renal vascular beds such as rat cerebral artery 24 or rabbit coronary artery 25 where Ca 2+ mobilization is important for S1P-mediated vasoconstriction. Possibly, the S1P receptor expression patterns are different in those vascular beds with each receptor subtype utilizing different intracellular signalling pathways for vasoconstriction. For example, S1P-induced intracellular Ca 2+ mobilization was diminished in embryonic fibroblasts from S1P3 receptor knockout mice but was normal in S1P2 receptor knockout mice. 49 This suggests that S1P3 but not S1P2 receptors play a predominant role in S1P-induced intracellular Ca 2+ mobilization in mouse embryonic fibroblasts. We previously reported that S1P1 and S1P2 receptors are the major S1P receptors expressed in renal pre-glomerular microvessels and renal microvascular smooth muscle cells, while S1P3 receptors were barely detected. 11 This may explain the failure to block S1P-mediated vasoconstriction by inhibition of Ca 2+ -ATPase activity with either thapsigargin or CPA in the current study. In contrast, S1P3
receptors are the major S1P receptors expressed in rat cerebral arteries. 24, 26 Therefore, intracellular Ca 2+ mobilization may be a major intracellular signalling pathway mediating S1P-induced vasoconstriction in rat cerebral arteries but not in rat renal arterioles. Increased Ca 2+ sensitivity via the rho/rho kinase pathway could also contribute to afferent arteriolar responses to various agonist-or pressure-mediated vasoconstrictor stimuli, 16, 17, 29, 43 and that mechanism has also been implicated in S1P-mediated vasoconstriction in non-renal vascular beds. 5, 50, 51 In the current study, inhibition of rho kinase activity with Y-27632 markedly increased baseline diameter of afferent arterioles consistent with previous reports, 29, 52 suggesting a role for the rho/rho kinase pathway in regulating resting renal vascular tone. We also found that Y-27632 significantly attenuated afferent arteriole reactivity to S1P. Given that the rho kinase system has been implicated in manipulating the Ca 2+ sensitivity of contractile proteins, S1P-mediated enhancement of Ca 2+ sensitivity could also participate in the afferent arteriole response to S1P. Changes in the vascular rho/rho kinase pathway have been linked to vascular injury or dysfunction associated with cardiovascular disease. 13, 53 Therefore, it is important to clarify the underlying mechanisms that contribute to S1P-mediated renal microvascular vasoconstriction.
As neither nifedipine nor Y-27632 completely abolished the afferent arteriolar vasoconstrictor responses to S1P, we combined both inhibitors to determine whether the S1P-induced vasoconstriction could be completely blocked. We found that dual blockade of the L-VDCC and rho/rho kinase pathways significantly attenuated the S1P-induced vasoconstriction over the entire concentration range of S1P tested compared to untreated controls. These observations suggest that activation of L-VDCC or rho kinase activity by exogenous S1P in renal microvasculature may share intracellular signalling pathways rather than act through completely different pathways. It is known that L-VDCC activation-induced vasoconstriction is through the calmodulin-dependent myosin light chain (MLC) kinase activation triggered by Ca 2+ influx, while the rho/rho kinase-associated vasoconstriction is a result of inhibition of MLC phosphatase via enhanced Ca 2+ sensitivity mechanisms. 17 A few studies, however, suggested that activation of L-VDCC and the rhoA/rho kinase pathway could share some common mechanisms in mediating vasoconstriction. [54] [55] [56] [57] [58] For example, application of Y-27632 (3 9 10 À6 -10 À5 mol L
) attenuated vasoconstriction induced by KCl or the L-VDCC agonist, FPL64176, but did not alter the intracellular Ca 2+ concentration. [54] [55] [56] [57] [58] KCl or FPL64176 stimulated rhoA activity but that was inhibited by nifedipine or conditional knockout of Cav1.2 (L-Type) Ca 2+ channels, 57, 58 suggesting that functional L-VDCC are required for activation of the rhoA/rho kinase pathway in mediating arterial contraction. On the other hand, a study using transgenic mice with cardiac-specific inhibition of rho family proteins showed that L-VDCC currents in ventricular myocytes were regulated by rhoA. 59 Therefore, Y-27632 may have direct or indirect inhibitory effects on L-VDCC. However, the combination of Y-27632 and nifedipine caused greater vasodilation than Y-27632 alone (87 AE 8% vs. 60 AE 12%), suggesting that L-type VDCCs are still functional in the presence of Y-27632. Accordingly, there may be some overlap between L-VDCC and the rho kinase pathway in the mechanisms by which S1P vasoconstricts rat afferent arterioles. We noticed that afferent arterioles still retained a small, but significant vasoconstrictor response to a high pathophysiological concentration of S1P (10 À5 mol L
) during combined nifedipine and Y-27632 treatment. The underlying signalling pathways responsible for the residual vasoconstriction to S1P remain unclear. Several studies indicate that S1P could directly trigger polymerization of actin in different cell types, [60] [61] [62] but evidence for autopolymerization in vascular smooth muscle cells is currently lacking. Apparently, more studies are required to clarify the role of S1P in regulating renal microvascular function under physiological or pathophysiological conditions. ROS play an important role in many different physiological and pathological processes. 63, 64 Afferent arterioles express NADPH oxidase, 65 a major source of ROS within the vasculature. [66] [67] [68] Consistent with early reports, 69,70 superfusion with tempol or apocynin had little effect on baseline arteriole diameter, suggesting that afferent arterioles are normally not under the influence of substantial oxidative stress. While tempol or apocynin has little effect on baseline arteriolar diameter, both drugs blunted S1P-induced vasoconstriction, suggesting that exogenous S1P-induced vasoconstriction of afferent arterioles involves stimulation of ROS production. This linkage of S1P with ROS accumulation is relevant because excessive increases in ROS production are associated with increased risk of cardiovascular disease. For example, S1P-mediated vasoconstriction is enhanced in isolated perfused kidneys from diabetic rats, 14 whereas selective deletion of S1P1 receptors in endothelial cells exacerbated ischaemia/reperfusion-induced kidney injury. 71 These observations raise the possibility that aberrant S1P signalling in the pre-glomerular vasculature could contribute to renal vascular dysfunction under pathological conditions.
In conclusion, the current study reveals that S1P-mediated vasoconstriction involves L-VDCC and the rho/rho kinase pathway in rat afferent arterioles. Mobilization of Ca 2+ from intracellular stores is not required for exogenous S1P-mediated vasoconstriction of rat afferent arterioles. This study also demonstrates that ROS contributes to afferent arteriolar vasoconstriction by S1P. As the afferent arteriole is the dominant resistance element determining glomerular capillary pressure, impaired S1P signalling could negatively impact regulation of glomerular hemodynamics and renal blood flow, and contribute to renal injury under pathological conditions such as ischaemia/reperfusion-induced acute kidney injury. Better understanding of the functional mechanisms of S1P in renal microvascular regulation could identify important factors contributing to the pathogenesis of renal microvascular dysfunction.
Methods

Animals
A total of 108 male Sprague Dawley rats (350-400 g, Charles River Laboratories, Raleigh, NC, USA) were used. All rats had free access to standard chow and water and were treated according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All procedures were approved by the Institutional Animal Care and Use Committees at the University of Alabama at Birmingham.
The in vitro blood-perfused juxtamedullary nephron preparation
Studies assessing renal microvascular reactivity were performed in vitro using the blood-perfused juxtamedullary nephron preparation. 11, [36] [37] [38] Briefly, two rats (kidney donor and blood donor) were used for each experiment. Rats were anesthetized using pentobarbital sodium (50 mg kg À1 , ip, Vortech Pharmaceuticals, Dearborn, MI, USA). The right kidney from the kidney donor was cannulated and perfused with Tyrode's buffer containing 5.2% bovine serum albumin (BSA, Calbiochem, La Jolla, CA, USA). After completion of the kidney dissection, the 5.2% BSA solution was replaced with the reconstituted blood collected from both the kidney and blood donors (haematocrit of~33%) as described previously. 11, 37 The reconstituted blood was continuously gassed with 95%O 2 /5%CO 2 , while renal perfusion pressure was held at 100 mmHg. The inner cortical surface of the kidney was superfused with Tyrode's buffer containing 1% BSA (37°C). The tested compounds were delivered to the kidney surface via superfusion of 1% BSA in Tyrode's buffer. The kidney was visualized using a light microscope (409 waterimmersion objective, Nikon Eclipse E600FN; Nikon, Tokyo, Japan), and images were recorded on DVD. The inner diameter of arterioles was measured every 12 s at a single site using a calibrated image-shearing monitor (Model 908, Vista Electronics, Valencia, CA, USA). The average of all diameter measurements from the final 2 min of each treatment period (5-min intervals) was calculated for the analysis.
Experimental protocols
The experiments were conducted as follows. An initial equilibration period (>15 min) was allowed for establishing a steady-state arteriolar diameter. Each protocol began with a 5-min period (baseline diameter), while renal perfusion pressure was held at 100 mmHg for all experiments.
Experiment 1. Effect of exogenous S1P on afferent arteriolar reactivity. The kidney was continuously bathed with 1% BSA superfusate during the initial 5-min period (baseline) and then for 10 min to match the incubation period with pharmacological agents as indicated in each protocol. The averaged diameters from the last 5-min incubation period with 1% BSA or pharmacological agents prior to administration of S1P were referred as the control diameter and were used for normalizing the afferent arteriolar response to S1P as to a per cent of the control diameter. Increasing S1P concentrations from 10 À9 to 10 À5 mol L À1 were superfused directly onto the inner cortical surface for 5 min at each concentration (n = 8). This S1P concentration-response, without any intervention, served as the control group.
Experiment 2. Role of L-VDCC in S1P-evoked afferent arteriolar reactivity. A contribution of L-VDCC in S1P-mediated afferent arteriolar vasoconstriction was previously assessed using the selective L-VDCC blockers, nifedipine or diltiazem on a single concentration of S1P (10 À7 mol L
À1
). 11 In the current study, we determined the S1P concentration-response relationship in the presence of nifedipine to determine the role of L-VDCC on afferent arteriolar reactivity over a wide S1P concentration range from 10 À9 to 10 À5 mol L
. Briefly, following a 5-min baseline period, the superfusate solution (1% BSA in Tyrode's buffer) was switched to a similar solution containing nifedipine (10 À6 mol L
, n = 6) for 10 min before the S1P concentration-response was determined in the presence of nifedipine. This concentration of nifedipine is the minimum concentration required to block the KCl-induced depolarization. ) was determined in the presence of thapsigargin (n = 6). In a separate set of experiments (n = 6), thapsigargin was replaced by CPA (10 À4 mol L À1 ) and the S1P concentration-response was determined in the presence of CPA to confirm the role of intracellular Ca 2+ mobilization in S1P-induced vasoconstriction of afferent arterioles.
Experiment 4. Role of the rho/rho kinase pathway in S1P-evoked afferent arteriolar vasoconstriction. Increased Ca 2+ sensitivity mechanism via activation of the rho/rho kinase pathway contributes to afferent arteriolar responses to many vasoconstrictors. 17, [29] [30] [31] To determine the involvement of the rho/ rho kinase pathway in S1P-mediated arteriolar vasoconstriction, the rho kinase inhibitor, Y-27632 was applied. The protocol was similar to the nifedipine experiments except nifedipine was replaced by Y-27632. Briefly, after a 5-min baseline period, the kidney was superfused with Y-27632 (10 À5 mol L À1 ) for 10 min, and then, the S1P concentration-response (10 À9 -10 À5 mol L
) was determined in the presence of Y-27632 (n = 6).
Experiment 5. Effect of combined inhibition of L-VDCC and the rho/rho kinase pathway in S1P-evoked afferent arteriolar vasoconstriction. As neither nifedipine nor Y-27632 alone completely blocked the vasoconstrictor effect of S1P, we examined the concentration-response of S1P in the presence of both L-VDCC blocker, nifedipine and the rho kinase inhibitor, Y-27632. The protocol was similar to the nifedipine experiments except that nifedipine and Y-27632 were used together. Briefly, after a 5-min baseline period, the kidney was exposed to the superfusate containing nifedipine (10 À6 mol L
) and Y-27632 (10 À5 mol L
) for 10 min and the S1P concentration-response (10
À9
-10 À5 mol L
À1
) was determined in the continued presence of nifedipine and Y-27632 (n = 6).
Experiment 6. Contribution of ROS in S1P-evoked afferent arteriolar vasoconstriction. S1P is linked to an increase in ROS generation in non-renal arteries, 6, 27, 28 but the role of ROS in S1P-mediated afferent arteriolar vasoconstriction is unknown. We assessed afferent arteriolar responses to increasing concentrations of S1P during administration of the membranepermeable superoxide dismutase mimetic, tempol or the NADPH oxidase inhibitor, apocynin. Briefly, after a 5-min baseline period, the kidney was superfused with tempol (10 À3 mol L
, n = 8) or apocynin (10 À4 mol L
, n = 8) for 15 min, and then, the S1P concentration-response (10
À9
À1
) was determined in the presence of tempol or apocynin. As afferent arteriolar diameters remained fairly stable over a 30-min superfusion with 1% BSA, 11 the S1P alone group was still used as the control group.
Drug preparation S1P (ENZO Life Sciences, Farmingdale, NY, USA) was dissolved in methanol as described previously. 
Statistical analysis
All data are expressed as means AE SEM. One-way analysis of variance for repeated measures was used for within-group analyses followed by post hoc analyses with Dunnett's multiple range test. To compare the overall effect of each drug, we added the percentage diameter values across all doses for each rat, which is an approximation of the area under the curve on logarithmic scale of concentration (dose). Dunnett's test was used to test the seven treatment groups against the control group, S1P alone group, using R package 'multcomp'. For treatment groups that are significantly different from the control group, we conducted a one-tailed t-test against the control group at each dose for reduced effect of S1P. Bonferroni correction was used to adjust for the multiple testing. Significance level was set at 0.05.
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